We have identified a novel 399 bp repetitive DNA element (which we designate beta ) 9 bp upstream of a seryl-tRNA CAG 
Introduction
Retrotransposons are a class of transposable elements possessing long terminal repeat sequences (LTRs) and encoding products with structural homology to retroviral gag-and pol-encoded proteins of animal retroviruses.
They do not, however, encode proteins analogous to the env gene products of retroviruses (Boeke and Sandmeyer, 1991) . Ty elements are a group of retrotransposon-like elements present in the genome of S. cerevisiae, of which there are five classes (Ty1-Ty5) and, like retroviruses, they are flanked by LTRs . With the exception of Ty5, which has a strong association with silent chromatin (Zou et al., 1996) , all the Ty elements are found associated with tRNA genes to a greater or lesser degree. Retrotransposable elements are also divided into subgroups based upon their similarity to either the gypsy or copia retrotransposons from Drosophila. All the Ty elements, except Ty3, belong to the copia group, and the groups are thus known as the Ty3/gypsy and Ty1/ copia groups respectively. It is the Ty3 element that has the closest association with tRNA genes (Chalker and Sandmeyer, 1990) .
The LTRs of Ty elements are also present in the genome as solo elements and arise through recombination between the LTR repeats with subsequent deletion of the intervening sequence; this recombination event preserves the duplication of the 5 bp insertion sequence at either end of the composite transposon, a characteristic of retrotransposons (Roeder and Fink, 1980) . Solo elements are more numerous than the complete retrotransposon in the yeast genome; for example, there are only 1-4 copies of intact Ty3 elements in S. cerevisiae, but about 30 copies of the solo LTR of Ty3, namely the element (Brodeur et al., 1983) . Solo elements may act as mobile promoter sequences with the ability to influence the transcription of downstream sequences (Bilanchone et al., 1993) . It has long been recognized that there is a relationship between tRNA genes and transposable elements. However, the evolutionary significance of this has not yet been determined (Dobinson and Hamer, 1993; Voytas and Boeke, 1993) .
DNA sequences have also been identified in another yeast species, Candida albicans, with as much as 13% of this species genome consisting of repetitive DNA (Riggsby et al., 1982; Wills et al., 1984) . These repetitive sequences may be involved in the generation of chromosome length polymorphisms as a result of recombination between the repeated sequences (Magee, 1993) . The repeated sequence RSP1 (Iwaguchi et al., 1992 ) is a hot-spot for recombination and, being repeated 60-80 times in the diploid genome, could provide regions of homology between chromosomes at which ectopic pairing could take place. Of the repeated sequences so far isolated from C. albicans, only one, Tca1 (Chen and Fonzi, 1992) , shows homology to LTR-containing retrotransposons, possessing LTR sequences (alpha ) at either end of a 5.6 kb region encoding the reverse transcriptase. alpha elements also occur as solo elements, and both Tca1 and the solo alpha elements are flanked by 5 bp repeats, indicating a strong similarity to the Ty1/ copia family of transposable elements from S. cerevisiae.
During a study of the gene encoding a novel seryl-tRNA in C. albicans that decodes the universal leucine codon CUG (Santos et al., 1993; Santos and Tuite, 1995) , we have identified a new repetitive DNA element that is found in close association with tRNA genes.
Results
Identification of an restriction fragment length polymorphism associated with a novel seryl-tRNA CAG gene in C. albicans In order to determine the copy number of the CUG-decoding seryl-tRNA gene in the diploid genome of C. albicans, Southern blot analysis was performed on EcoRV-digested genomic DNA from S. cerevisiae, Kluyveromyces lactis and several laboratory strains of C. albicans. In seven of the C. albicans laboratory strains tested, a single DNA fragment, of approximately 1.2 kb, was detected, whereas in strain 2005E, an additional 1.6 kb DNA fragment was detected. Essentially the same hybridization pattern was observed for genomic digests with EcoRI, HindIII and RsaI. The larger DNA fragment in strain 2005E was always approximately 400 bp longer, irrespective of the enzyme used. No hybridization signal was detected with either S. cerevisiae or K. lactis genomic DNA digests.
The C. albicans seryl-tRNA CAG gene was originally isolated from a genomic library constructed from strain 2005E, and the original clone was designated MS1 (Santos et al., 1993) . Analysis of the restriction map of the MS1 clone showed that RsaI and EcoRV restriction sites flanked the seryl-tRNA CAG gene (Fig. 1) . The Southern blot analysis suggested that there were two copies of the seryl-tRNA CAG gene per diploid genome, one on each chromosome homologue, but that in strain 2005E there is either a polymorphism associated with the seryl-tRNA CAG gene on one chromosome, or an additional copy of the tRNA gene is present. Because each restriction digest showed the same polymorphism and the same increase in size of the second hybridizing fragment, we concluded that it was most likely caused by a DNA insertion of about 400 bp, close to the seryl-tRNA CAG gene, between the EcoRV and RsaI sites flanking the seryl-tRNA CAG gene (Fig. 1) .
In order to identify upon which chromosome the seryltRNA CAG gene was located, a blot of intact C. albicans (strain 3153A) chromosomes separated by contourclamped homogenous electric field (CHEF) electrophoresis was probed with the seryl-tRNA CAG gene ( Fig. 2A , lane 1). Hybridization to only one chromosome was detected. The CHEF blot was then reprobed with the C. albicans alcohol dehydrogenase (ADH) gene, which hybridized to the same chromosome as the seryl-tRNA CAG probe (results not shown). The ADH gene has previously been shown to be located on chromosome VI in C. albicans (Chu et al., 1993) .
Polymerase chain reaction (PCR) amplification was used to clone the second copy of the seryl-tRNA CAG gene exhibiting the polymorphism observed in strain 2005E. Primers MAS24 and MAS25, which anneal to the original MS1 clone flanking the seryl-tRNA CAG gene (Fig. 1) , were used to amplify the second copy of the seryl-tRNA CAG gene from genomic DNA prepared from C. albicans strain 2005E. The MS1 clone and genomic DNA from C. albicans strain 1006, in which only a single hybridization band was seen, were used as controls. The expected size of the PCR product using primers MAS24 and MAS25, with no DNA insertion close to the seryl-tRNA CAG gene, was 256 bp. One amplification product (of about 250 bp) was obtained from the genomic DNA of strain 1006 and the MS1 clone. However, the major product amplified from the genomic DNA of strain 2005E was approximately 650 bp, indicating that the copy of the seryl-tRNA CAG gene preferentially amplified from strain 2005E had a DNA insert of about 400 bp between the annealing sites of primers MAS24 and MAS25, i.e. close to the tRNA gene. Amplification of genomic DNA from strain 2005E with primers MAS9 and MAS10, which anneal to the 5Ј and 3Ј ends of the seryl-tRNA CAG gene, respectively (see Fig. 1 ), gave rise to a 121 bp product consistent with the size of the seryl-tRNA CAG gene. Further PCR reactions showed the putative 400 bp insert lying upstream of the tRNA gene, between primer MAS24 and the beginning of the seryl-tRNA CAG coding sequence.
A 500 bp DNA fragment with the seryl-tRNA CAG and the upstream region was amplified from genomic DNA from strain 2005E using primers MAS10 (possessing a SmaI restriction site) and MAS7 (possessing a HindIII restriction site) and inserted into plasmid pUC18 to generate the plasmid pUKC1309. DNA sequence analysis confirmed that the fragment included the seryl-tRNA CAG gene, identical in sequence to that previously described (Santos et al., 1993) but, in addition, contained an insert of 399 bp, 9 bp upstream of the tRNA gene (Fig. 1 ).
The 399 bp insert (EMBL accession number Y08494) showed a number of sequence features characteristic of an LTR from a retrotransposon: 5Ј of the first base of the insert was a 5 bp sequence (CGGGT) that was repeated at the other end of the insert, indicating a duplication of the 5 bp target site. In addition, an imperfect 8 bp inverted repeat (5Ј-TAATGTAT/. . . . . ./ATACAACA-3Ј) was present at either end of the insert, internal to the 5 bp duplication. The 8 bp inverted repeat at the 3Ј end of the insert was identical to the 3Ј end inverted repeat from the LTR of the Ty3 retrotransposon from S. cerevisiae (Sandmeyer and Olson, 1982) . The element did not, however, preserve the 5Ј-TG/. . . . . ./CA-3Ј end sequences seen in all other Ty elements (Varmus, 1983) . A database search with the 399 bp DNA insert element failed to detect any homology to previously described bacterial or eukaryotic transposon sequences. The element was very AT rich (66% AT) and did not contain any open reading frames (ORFs) larger than 59 codons or other tRNA genes. We have designated the 399 bp DNA insert the beta element.
Genomic organization of the beta element
In order to determine the chromosomal distribution of the beta element, a C. albicans CHEF blot of strain 3153A was probed with a 234 bp MseI fragment of the beta element ( Fig. 2A, lane 2) . Three chromosomes carried the element, although no copy was present on chromosome VI in strain 3153A. Differential migration of homologous chromosomes is known to occur in C. albicans (Magee, 1993) , and therefore the two smaller chromosomes detected could correspond to homologues of the same chromosome. The beta probe showed no hybridization to any S. cerevisiae chromosome under the same hybridization conditions (Fig. 2B) .
Genomic digests of C. albicans (strains 1006 and 2005E) and S. cerevisiae were probed with the internal MseI fragment of the beta element (Fig. 1) . No hybridization to S. cerevisiae DNA was detected, but between six and eight hybridization bands were seen for each of the C. albicans digests (Fig. 3) . The sizes of the bands detected varied, both between the different digests and between the same digests of two different strains. This suggests that the element is present in numerous copies and that it is mobile within the genome. Such heterogeneous genomic location is consistent with beta being a LTR-like element of a retrotransposon.
To determine whether the beta element was present in non-laboratory strains of C. albicans, PCR analysis of genomic DNA from five fresh clinical isolates was undertaken using primers MAS7 and MAS10 (Fig. 1) (Colthurst et al., 1992). element in this region of the genome. The remaining two isolates (WHH4 and WHH7) gave a single larger amplification product, consistent with a DNA insertion of about 400 bp upstream of the seryl-tRNA CAG gene. The occurrence of DNA insertions of the same size as the beta element upstream of the seryl-tRNA CAG gene in independently isolated clinical isolates of C. albicans suggests this region of chromosome VI may represent an insertional 'hot-spot'.
The beta element is associated with different tRNA genes Three further genomic clones from strain 2005E containing the beta element were isolated and designated K1, K2 and K6. Each clone was shown to be unique by restriction mapping. DNA sequencing revealed that each of the three clones (EMBL accession numbers: K1, Y08495; K2, Y08496; K6, Y08497) contained almost identical copies of the beta element, showing at least 95% nucleotide identity to the element adjacent to the seryl-tRNA CAG . The 5 bp duplication, CGGGT, bordering the beta insert upstream of the seryl-tRNA CAG gene in strain 2005E was echoed by 5 bp duplications bordering the beta element from clones K1, K2 and K6, although the sequence of the 5 bp duplication was not conserved: K1, TTTTC; K2, CTTTT; K6, GTTTA. The deduced tDNA cloverleaf structures are shown in Fig.  4 along with the tDNA structure of the seryl-tRNA CAG . The tRNA Ile gene contained a 13 bp intron located between base A37 and A38 in the anti-codon loop.
Discussion
Beta is a solo LTR of a Ty3/gypsy-like retrotransposon As a result of our studies into the genomic organization of a novel seryl-tRNA CAG gene from C. albicans, we identified an adjacent and novel 399 bp repetitive element, designated beta, which was also found to be closely associated with three other tRNA genes. The beta element was only found to be adjacent to the novel seryl-tRNA CAG gene in one out of nine laboratory strains tested, while an insert of the same size was identified at this position in two recently isolated clinical strains of C. albicans. beta is a novel sequence with the characteristics of a LTR solo element of a retrotransposon. The size of the beta element and its close association with tRNA genes promotes comparison with the Ty3 element and its associated solo elements, a retrotransposon from S. cerevisiae found in close proximity to tRNA genes (Brodeur et al., 1983; Chalker and Sandmeyer, 1990 ). There are, however, no regions of significant nucleotide homology between beta and the element of Ty3, and we detected no DNA cross-hybridization between the beta element and S. cerevisiae genomic DNA. The beta element is present in lower copy number (six to eight copies per diploid genome) than the 340 bp element of the Ty3 retrotransposon, which usually exists as about 30 copies, all of which are associated with genes transcribed by polIII (Chalker and Sandmeyer, 1992) . A 5 bp duplication flanking each independent copy of the beta is another characteristic of the LTR elements of retrotransposable elements (Boeke and Sandmeyer, 1991) and supports the theory that each beta element is a solo element. The sequence of each of the four 5 bp insertion sites was different for each clone, but with a tendency to be AT rich. Thus, there is no sequence conservation between sites of insertion for the beta element.
Intact Ty3 elements are 5.4 kb in size and are much rarer than solo elements with as few as one copy per genome (reviewed in Boeke and Sandmeyer, 1991 may be necessary to look for an intact element in a strain in which the beta element has recently transposed. Some laboratory strains may have lost the functional Ty3-like element, although the solo beta elements can still be found in the genome.
The 8 bp perfect inverted terminal repeat of the S. cerevisiae element (5Ј-TGTTGTAT. . . . . .ATACAACA-3Ј) shows strong homology to the imperfect terminal inverted repeat from beta (5Ј-TAATGTAT. . . . . .ATACAACA-3Ј), with the 3Ј sequences being identical. The beta element does not, however, preserve the 5Ј-TG. . . . . .CA-3Ј sequence, which is highly conserved among all other retrotransposons (Varmus et al., 1983) . That the 3Ј repeat of beta is identical to that from the Ty3 element suggests that it may be important for insertion adjacent to tRNA genes. Ty3 is the only other transposon that is found in such close proximity to tRNA genes, usually within a couple of bases of the polIII transcription start site (Kirchner et al., 1995) . Ty1 and Ty4 are also found in close association with tRNA genes, but not in such close proximity as Ty3 (Stucka et al., 1989; Ji et al., 1993) .
The sequence flanking the only other reported retrotransposon from C. albicans, Tca1 (Chen and Fonzi, 1992) , has not been published. It is therefore not possible to say if, like the beta element and Ty3, Tca1 has a close association with tRNA genes. However, the 6 bp perfect inverted repeat of the Tca1-flanking alpha element (5Ј-TGTTCG. . . . . .CGAACA-3Ј) again shows similarity to that found with Ty3 (Chen and Fonzi, 1992 within one to three nucleotides of the transcription initiation site. Until recently, it was thought that tRNA genes were solely transcribed from internal promoters, the so-called A and B boxes. However, there is growing evidence that the A and B boxes simply direct the binding of transcription factors and determine RNA specificity and are sufficient only for a basal level of transcription (Geiduschek and Tocchini-Valentini, 1988) . Modulator elements in RNA polymerase II promoters are capable of enhancing or reducing basal levels of transcription, and there is now strong evidence for such modulators of promoter activity in the 5Ј flanking regions of tRNA genes (reviewed in Sprague, 1995) . The TATA-binding protein, once thought to be exclusively involved in the transcription of TATAcontaining RNA polII promoters, is now known to be required for transcription by all three RNA polymerases (Hernandez, 1993) . The genes transcribed by RNA polIII have been divided into three classes. Classes 1 and 2 include tRNA genes and 5S RNA genes containing internal control regions, while class 3 promoters are located entirely upstream of the transcribed sequences and are similar to RNA polII promoters, except for the presence of a TATA box that confers the RNA polIII specificity to the promoter by directing the binding of the transcription complex TFIIIC (Hernandez, 1993) . TBP interacts with DNA during the assembly of transcription subunits on tRNA genes and shows a clear preference for AT-rich sequences. The influence of TBP on the transcription complex determines the binding site of the transcription complex, TFIIIB, and ultimately the transcription start site (Myslinski et al., 1993; Joazeiro et al., 1996) . It has been proposed that there is a protein-protein interaction between TFIIIB and the Ty3 integration complex, enabling Ty3 to integrate upstream of genes transcribed by polIII (Kirchner et al., 1995) . Although the LTR of Ty3 appears to act as a compact, highly regulated, mobile promoter (Bilanchone et al., 1993) , there is as yet no evidence that inserted sequences directly affect the expression of downstream tRNA genes in vivo. However, upstream AT-rich sequences can affect the expression of tRNA genes in vitro (Dingermann et al., 1982; Myslinski et al., 1993; Palida et al., 1993; Sharma and Gopinathan, 1996) , and the 5Ј flanking sequence of human tRNA negatively modulates tRNA expression in vivo (Tapping et al., 1993) . The elements of Ty3, like the beta element, contain some very AT-rich regions, and the possibility that tRNA gene expression could be regulated by transposable elements during stress has yet to be ruled out. The existence of retrotransposon-like elements in such close association with tRNA genes in both S. cerevisiae and C. albicans suggests that the close physical relationship between tRNA genes and transposable elements serves an important evolutionary role, possibly through altering the expression of the associated tRNA gene(s).
Experimental procedures
Chemicals were purchased from Sigma, BDH or Fisons. DNA restriction and modification enzymes were purchased from Boehringer Mannheim, Promega or Gibco BRL. Dulbecco's modified Eagle's medium was purchased from Gibco BRL; fetal bovine serum was purchased from Sigma. All other media were purchased from Difco. Oligonucleotides were from Oswell DNA service. The random-primed oligolabelling kit was purchased from Pharmacia.
Candida albicans strains and growth conditions C. albicans laboratory strains were grown at 37ЊC in YEPD (2% glucose, 1% bacto-peptone, 1% yeast extract) and harvested for DNA extraction before reaching stationary phase. The clinical isolates of C. albicans (WHH strains) were grown at 37ЊC in Dulbecco's modified Eagle's medium with 10% fetal bovine serum to stationary phase.
Southern blot hybridization
Genomic DNA was prepared from C. albicans laboratory strains as previously described by Colthurst et al. (1992) . Genomic DNA was prepared from clinical isolates of C. albicans essentially as described by Colthurst et al. (1992) , but with the following modifications. Cells were harvested and resuspended in 15% glycerol and stored at -20ЊC for up to a week. The cells were then resuspended in phosphate buffer (50 mM potassium phosphate, pH 7.5, 1 M sorbital and 0.1% ␤-mercaptoethanol) and lyticase was added to 200 U l
¹1
. The cells were incubated in a shaking incubator at 60ЊC until most of the cells had formed spheroplasts, or until the first signs of cell lysis were observed, when 0.5 volumes of 50 mM potassium phosphate, pH 7.5, was added together with proteinase K to 0.15 mg ml
. The cells were then incubated at 50ЊC for between 6 and 12 h. If cell lysis was not observed after 1 h, then SDS was added to 0.5% w/v. Genomic DNA was then purified as described by Colthurst et al. (1992) . Southern hybridization was performed essentially as described by Southern (1975) , using Hybond N þ (Amersham) membranes. A full-length seryl-tRNA CAG probe was generated by PCR amplification of a plasmid containing the seryl-tRNA CAG gene (pUKC701) (Santos et al., 1996) using primers MAS9 5Ј-TTTAAGCTTTAATACGACTCACTATAG-ATACGATGGCCGAG-3Ј and MAS10 5Ј-AAACCCGGGCC-TGGCGACACGAGCAGGGTTCG-3Ј. The resulting 123 bp fragment was purified by agarose gel electrophoresis using SeaKem gold agarose (FMC Bioproducts), and electroeluted from the gel using the Biotrap/Elutrap (Schleicher and Schuell) according to the manufacturer's instructions. The DNA probe was labelled with [␣ 32 P]-dCTP by random-primed oligonucleotide labelling (Feinberg and Vogelstein, 1983) . Prehybridization and hybridization was performed in 1 M NaCl, 10% dextran sulphate and 1% SDS at 65ЊC. The membranes were then washed to high stringency at 65ЊC, 0.1% SDS and 0.5× SSC. CHEF blots (nylon membranes) were hybridized and washed in the same manner as the Southern blots.
Library construction and screening A genomic DNA library prepared from C. albicans strain 2005E was constructed in the S. cerevisiae shuttle vector YCp50 (Rose et al., 1987) . A partial Sau 3AI digest with an average insert size of 12-20 kb was cloned into the BamHI site of YCp50 and the library transformed (Hanahan, 1983) into Escherichia coli strain JM109 (recA1 SupE44 endA1 hsdR17 gryA96 relA1 thi ⌬(Lac-proAB) FЈ[traD36 proAB þ lacI lacZ ⌬M15]). A total of 12 000 transformants were transferred to GeneScreen Plus Colony/Plaque screen (Dupon Biotechnology Systems) nylon membranes, according to the manufacturer's instructions for making colony lifts. The membranes were probed with a 234 bp MseI fragment from within the beta element, omitting any flanking sequence (see Fig. 2 ). To isolate the desired MseI fragment, plasmid pUKC1309 was first digested with HindIII and SmaI, and the resulting 563 bp fragment containing the full-length seryl-tRNA CAG gene, beta element and upstream sequence was gel purified as described above. The purified DNA fragment was then digested with MseI, and the resulting 234 bp fragment was purified in the same manner. Probe labelling, hybridization and washing of the filter lifts were performed as for the Southern blotting (see above). Clones so identified were taken through a secondary screen. The DNA flanking the beta element in each clone was sequenced in both directions using either dideoxy sequencing (Sanger et al., 1977) or dye terminator sequencing, the latter being performed by the Advanced Biotechnology Centre. Sequencing primers used were: VP20 5Ј-CGTCTAACGAGGTGTAAAC-3Ј, which anneals to the beta element, was used to sequence the downstream insertion site of the beta element and the 3Ј flanking sequence for each clone, including the proximal tRNA gene; VP26 5Ј-GTTTTCGGTCTATATAAGG-3Ј anneals to the beta element and was used to sequence the upstream insertion site of the beta element and the 5Ј flanking region for each clone; VP23 5Ј-AGGTTTGGTACAATGCTG-3Ј; VP24 5Ј-ATCATTCAAGCTCTGGC-3Ј; and VP25 5Ј-AGCACCAGT-CCACTAGTG-3Ј, which anneal to the region 3Ј to the tRNA gene in clones K1, K6 and K2, respectively, were used to sequence the tRNA gene and beta element in the opposite orientation in each clone.
Polymerase chain reaction DNA was amplified in a GeneAmp PCR system 2400 (PerkinElmer). The oligonucleotide primers were: MAS7 5Ј-CCGAA-GCTTCAAACAAAAGATGTTAATCCTCAG-3Ј; MAS9 5Ј-TT-TAAGCTTTAATACGACTCACTATAGATACGATGGCCGAG-3Ј; MAS10 5Ј-AAACCCGGGCCTGGCGACACGAGCAGG-GTTCG-3Ј; MAS24 5Ј-CGCAGGATCCACTAGTTGAAACA-CCA-3Ј; MAS25 5Ј-CACGATCGCGAACAGATGATTGACTT-TA-3Ј. PCR amplification of the genomic copy of the seryltRNA CAG gene with the beta element upstream was performed in a 100 l final volume under the following conditions: 1.5 mM MgCl 2 , 40 M each dNTP, 0.5 M each primer, 1× Ultma reaction buffer (Perkin-Elmer) and 1 g of genomic DNA. Six units of Ultma Taq DNA polymerase (Perkin-Elmer) were added after incubation at 95ЊC for 5 min, followed by 25 cycles of the following PCR protocol: 92ЊC for 30 s denaturing, 38ЊC for 1 min annealing and 72ЊC for 1 min extension. The PCR product was gel purified as described above and was then digested with HindIII and cloned into the HindIII/SmaI sites of pUC18 to generate the plasmid pUKC1309. ; Promega) was added after incubation at 95ЊC for 5 min, followed by 30 cycles of the following PCR protocol: 92ЊC for 30 s denaturing, 38ЊC for 1 min annealing and 72ЊC for 1 min extension. A sample of 10 l of the PCR reaction was examined by gel electrophoresis.
DNA sequence analysis
Sequence similarity searches were performed using FASTA homology searches on the European Bioinformatics Institute (EBI) sequence data analysis server at the following address: http:/www.ebi.ac.uk/searches/searches.html.
